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The similarity model test is one of the important means to study the engineering properties of soft rock. This study aims to develop
similar materials for silty mudstone, which has characteristics of low strength and water expansion, based on traditional materials
including gypsum, barite powder, clay minerals, and distilled water. The orthogonal design method was used to determine the
mixing ratios of the similar materials. The density, uniaxial compressive strength, tensile strength, elastic modulus, and Poisson’s
ratio were selected as control indicators of the similar materials. The results show that the water content is the dominant factor for
the density, tensile strength, elastic modulus, and Poisson’s ratio of the similar materials of silty mudstone, while the gypsum
content is the dominant factor for the uniaxial compressive strength. The physical and mechanical properties of the similar
material samples with water content of 19%, barite powder ratio of 32%, and gypsum mass of 250 g show good similarity to those
of the raw silty mudstone. The water absorption and expansibility of similar materials with clay mineral ratio of 12% are consistent
with those of the raw silty mudstone. The scanning electron microscopy (SEM) observation indicates that the similar material with
optimal mixing ratios exhibits a similar microstructure to that of silty mudstone.

1. Introduction
Silty mudstone shows obvious characteristics of water absorption and expansion, so its mechanical properties deteriorate easily under a long-term inﬂuence of rainfall. As a
result, instability often takes place in silty mudstone slopes,
which is a major geological problem encountered in the
engineering construction in southern China [1–3]. In geotechnical tests, intact samples are often required in order to
better consider the inﬂuences of single factor or multiple
factors. However, natural silty mudstone usually contains
numerous joints and ﬁssures due to weathering. Thus, it is
diﬃcult to extract completely intact samples without initial
random damage. Moreover, the preparation of undisturbed
raw samples is quite expensive because of the need for highprecision equipment. If the physical and mechanical

properties are measured from raw rock samples with unknown initial damages, they are not suitable to be used in
numerical simulations and guiding practical engineering.
Also, because of complicated practical conditions, there are
few applicable and cheap ﬁeld testing approaches for the
determination of physical and mechanical properties of silty
mudstone.
By contrast, the use of similar materials enables not only
eliminating the inﬂuence of initial damage but also prefabricating fractures. In this way, the inﬂuence of diﬀerent
fracture morphology on the strength of rock mass can be
analyzed [4–6]. Since similar materials have many advantages, they are widely employed to study the inﬂuence of
single factor and multiple factors on many scientiﬁc problems [7]. For instance, similar materials were employed to
prepare specimens for laboratory tests to determine the
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physical and mechanical properties of rocks, which are
important input parameters for numerical simulations [8, 9].
Similar materials can also be adopted to prepare physical
models for similarity model tests, so the connection between
models and prototypes can be identiﬁed [10, 11]. Finally, the
engineering performance of the prototype can be predicted
according to the similarity criterion [12, 13].
In recent years, the research results of similar materials
of diﬀerent types of rocks show that the key to improve the
similarity between similar materials and raw rocks is to
choose the right raw materials and adopt reasonable proportions [14–16]. For example, Yang et al. [17], Chen and
Fen [18], Wang et al. [19], Liu and Liu [20], and He et al. [21]
among others studied the mixing ratios of similar materials
for diﬀerent types of soft rocks, such as red-bed soft rock,
carbonaceous phyllite rock, and coal rock. The above
scholars ﬁrst selected appropriate raw materials and used
orthogonal tables to design the mixing ratios of similar
materials. Secondly, uniaxial compression tests, splitting
tests, and triaxial compression tests were conducted to
measure the physical and mechanical properties of similar
materials. Then, compared with diﬀerent types of target
rocks, similar rock-like materials suitable for various types of
target rocks were determined. Finally, the optimal mixing
ratio that satisﬁes the similarity was obtained [22, 23]. In
addition, Wang et al. [24] carried out creep tests on the
similar developed materials of a soft rock. The authors stated
that the creep parameters of similar materials basically met
the similarity with the raw rock by parameter inversion,
laying a foundation for similar materials to simulate the
creep characteristics of the soft rock. Chu et al. [25] developed a similar material that conforms to the rheology of
soft rock, which can be used to simulate the rheological
characteristics of soft sandy mudstone. Although the
scholars mentioned above have studied the similar materials
of soft rocks and their related characteristics, the research on
the characteristics of water absorption and expansion of
similar materials for soft rocks is rarely involved.
In the process of designing similar materials, the cementation is an important means to make similar material
samples reach the strength of the raw rock. Gypsum, as a
common cementing material, is widely used in the development of similar materials of soft rocks. Existing studies
have shown that the strength of similar materials formed by
gypsum cementation can simulate the diagenetic strength of
various raw rocks under geological actions [26, 27]. In addition, some scholars have carried out many investigations of
the cementation of clay minerals. For instance, Xie et al. [28]
analyzed the microstructure of attapulgite by scanning
electron microscopy (SEM); they concluded that the cementation performance of clay minerals was inseparable from
the microstructure. Yang et al. [29] analyzed the microstructure of cementing products by means of SEM. Therefore,
the similar materials formed by cementation can meet the
requirements of simulating the strength of raw soft rocks, and
the cementation mechanism can be revealed via SEM.
This paper presents an experimental work to develop
similar materials of silty mudstone for physical model tests.
Gypsum and barite powder are selected as the cementing
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material and aggregate, respectively, and clay minerals (i.e.,
illite, montmorillonite, and chlorite) are used as swelling
additives. Firstly, a series of mixing ratios are designed
according to an orthogonal table. Secondly, the physical and
mechanical properties of similar materials of various mixing
ratios are studied by laboratory tests; the inﬂuences of
diﬀerent factors on the properties are examined by sensitive
analysis. Afterward, the water absorption and expansibility
of similar materials are measured. Therefore, the mixing
ratios that can satisfy the mechanical properties and the
water-expansion characteristic of silty mudstone are obtained. Finally, the cementing mechanism of similar materials of silty mudstone is revealed by SEM. The similar
developed material can well simulate the engineering behavior of silty mudstone, which lays a foundation for the
similarity model tests of engineering cases involved in silty
mudstone.

2. Design of Similar Materials
2.1. Similarity Ratio. The dimensional analysis method was
used to determine the similarity ratios of properties of the
similar material to those of the raw rock. Based on the three
basic dimensions, that is, length (L), time (T), and mass (M),
the dimensions of other important physical and mechanical
properties were deduced. In this study, the similarity ratios
in terms of length (L), time (T), and mass (M) are considered
to be 1, which means the length, time, and mass involving
similar materials are exactly the same as those of the raw
rock. Then, the similarity ratios of other properties can be
obtained, as shown in Table 1. Therefore, the target properties of similar materials are derived from the properties of
the raw rock based on the similarity ratios [13, 14].
2.2. Material Selection. The strongly weathered silty mudstone collected from the Yuelu Mountain (Changsha, China)
was selected as the prototype. X-ray diﬀraction analysis showed
that silty mudstone is mainly composed of quartz, illite,
montmorillonite, chlorite, and feldspar, as shown in Figure 1
and Table 2. According to Editorial Board of Engineering
Geology Handbook [30], the density, uniaxial compressive
strength, tensile strength, elastic modulus, and Poisson’s ratio
are the most important properties of silty mudstone. Thus,
these physical and mechanical properties were used as the
controlling indicators to design similar materials (see Table 3).
Previous studies showed the possibility to produce
similar materials of rocks with gypsum, barite powder, and
clay [26, 27, 31]. Therefore, barite powder, gypsum, and clay
minerals were selected to develop similar materials of silty
mudstone. Among the above materials, barite powder works
as aggregate, gypsum serves as the cementing agent, and clay
minerals
(montmorillonite : illite : chlorite � 1 : 0.14 : 0.23,
which is consistent with proportions of the raw rock)) are
used as swelling additives to control the water-absorption
and water-expansion characteristics of similar materials.
Deionized water was also adopted to form similar materials.
The grain size distributions of the above raw materials are
shown in Figure 2.
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Table 1: Dimensional analysis.

Property
Length
Time
Mass
Density
Tensile strength
Uniaxial compressive strength
Modulus of elasticity
Poisson’s ratio

Dimension
(L)
(T)
(M)
(M)(L)− 3
(M)(L)− 1(T)− 2
(M)(L)− 1(T)− 2
(M)(L)− 1(T)− 2
(1)

Similar relationship
CL
CT
CM
Cρ
CMCT− 1CL− 2
CMCT− 1CL− 2
CMCT− 1CL− 2
1

Similarity ratio
1
1
1
1
1
1
1
1
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Figure 1: X-ray diﬀraction pattern of silty mudstone.
Table 2: Mineral compositions of silty mudstone.
Quartz (%)
49.3

Illite (%)
27.1

Montmorillonite (%)
3.7

Chlorite (%)
6.3

Feldspar (%)
4.1

Other (%)
<1

Table 3: Main physical and mechanical properties of silty mudstone.
3

Density ρ (g/cm ) Uniaxial compressive strength σ c (MPa) Tensile strength σ t (MPa) Modulus of elasticity E (GPa) Poisson’s ratio ]
2.01
13.95
1.24
1.38
0.22

2.3. Orthogonal Design Scheme. The orthogonal design was
employed to study the mixing ratios in order to improve the
eﬃciency of developing similar materials. The evaluated
properties included the density, uniaxial compressive
strength, tensile strength, elastic modulus, and Poisson’s ratio.
The orthogonal test design is an eﬃcient, fast, and economic
method for experimental design with the consideration of
multiple factors and levels [32]. With this method, one can
obtain the best combination of levels for diﬀerent factors with
a small number of samples based on an orthogonal array.
Because the content of every component has a dominant
inﬂuence on the physical and mechanic properties of similar
materials [13], the water content, barite powder ratio,
gypsum mass, and clay mineral ratio were chosen as factors
in the orthogonal test design. The barite powder ratio is the
ratio of the mass of barite powder to the total mass of
gypsum and barite powder, and the clay mineral ratio is the
mass ratio of clay minerals to all solid components. After a
large number of trial tests, the suitable levels of the four
factors that could make similar materials have close physical

and mechanical properties as the raw rock are as follows:
water content (factor A) � 23%–17%, barite powder ratio
(factor B) � 44%–26%, gypsum mass (factor C) �
225 g–300 g, and clay mineral ratio (factor D) � 0%–18%.
The speciﬁc experimental schemes are shown in Table 4.
During the experiment, each test scheme was repeated four
times, and the average value was taken for analysis. Since the
materials were reconstituted artiﬁcial rocks that had quite
homogeneous structures, four parallel tests were basically
enough to characterize their main properties [19, 33].
2.4. Secondary Reﬁnement Test Scheme. Silty mudstone has
obvious water-absorption and water-expansion characteristics. Some scholars pointed out that the disintegration of
mudstone is caused by water expansion of rock, dissolution
of cementing substance, and wetting-heating cycles [34].
It was reported that clay minerals have a great inﬂuence
on water absorption and expansion of soils [35]. Thus,
secondary reﬁnement test schemes were considered in order
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Figure 2: Particle size distributions of diﬀerent raw materials: (a) clay minerals and barite powder; (b) gypsum powder.

Table 4: Experimental scheme.
Scheme
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

A (water content, %)
23 (level 1)
23
23
23
21 (level 2)
21
21
21
19 (level 3)
19
19
19
17 (level 4)
17
17
17

Factor
B (barite powder ratio, %)
C
44 (level 1)
38 (level 2)
32 (level 3)
26 (level 4)
44
38
32
26
44
38
32
26
44
38
32
26

to examine the water-absorption and water-expansion
characteristics of similar materials at varying factor D (clay
mineral ratio) (Table 5). If the relationship between the
water-absorption and water-expansion characteristics and
clay mineral ratios is determined, the design of a similar
material that has the same water-absorption and waterexpansion characteristics as the raw rock can be realized by
simply adjusting the clay mineral ratio. Water-absorption
tests and expansibility tests were carried out to measure the
water-absorption and water-expansion characteristics.

3. Experimental Details
3.1. Sample Preparation. A standardized method was
designed to reduce the interference of human factors in the
process of sample preparation. According to the IRSM [36],
cylindrical samples for uniaxial compression tests had

(gypsum mass, g)
225 (level 1)
250 (level 2)
275 (level 3)
300 (level 4)
250
225
300
275
275
300
225
250
300
275
250
225

D (clay mineral ratio, %)
0 (level 1)
6 (level 2)
12 (level 3)
18 (level 4)
12
18
0
6
18
12
6
0
6
0
18
12

diameters of 50 mm and heights of 50 mm, and those for
splitting tests had diameters of 50 mm and heights of 100 mm.
The standardized procedure for sample preparation is
illustrated in Figure 3. To prepare the sample, solid materials
(see Table 3) were added to the stirring tank and mixed at a
constant speed for 5 min and then deionized water was
added to the solid materials and they were mixed again for
5 min. Afterward, the formed mixture was ﬁlled into a mold
in three layers, and each layer was statically compacted for
2 min using the YAW-300 press machine produced by Jinan
Zhongluchang Testing Machine Manufacturing Company
(Figure 4(a)). Subsequently, the sample together with the
mold was placed into a curing box at a temperature of
20 ± 3°C and a humidity of 95% for 24 h. After demolding,
the sample was continuously cured for 28 d. Finally, the
samples with smooth surfaces and without obvious defects
were selected.
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Table 5: Secondary reﬁnement test scheme of similar materials.

Scheme
S1
S2
S3
S4

Factor
A (water content %)
19
19
19
19

B (barite powder ratio %)
32
32
32
32

Weighing

Stirring

Screening of polishing

C (gypsum mass g)
250
250
250
250

Molding

Curing

Figure 3: Sample preparation process.

(a)

(b)

Figure 4: Continued.

D (clay mineral ratio %)
0
6
12
18

6
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(c)

(d)

Figure 4: Testing equipment: (a) YAW-300 press machine; (b) ZT801 ultrasonic wave velocity tester; (c) vernier caliper and electronic
balance; (d) universal pressure testing machine.

3.2. Sample Screening. In the process of making similar
materials, some defects may exist in the samples because of
nonuniform stirring, big air bubbles, and other uncontrollable factors. In particular, internal defects cannot be
discerned by the naked eye. The existence of defects that vary
from sample to sample will deﬁnitely bring about errors to
the experimental results. According to the existing research,
the physical properties of the rock itself can aﬀect the
propagation speed of ultrasonic waves in rocks [3, 37].
Therefore, the physical and mechanical properties of rock
can be inferred indirectly by measuring the velocity of ultrasonic wave in rock mass [38–40].
In the current study, the velocities of ultrasonic waves in
all similar material samples were detected by the rock mass
parameter tester ZT801 (Figure 4(b)). The speciﬁc test results
are presented in Table 6. It shows that the ultrasonic wave
velocities of the similar materials fall between 2.84 km/s and
3.25 km/s. The samples in each scheme have very close ultrasonic wave velocities, which ensure that these samples
have similar initial conditions.

sample was determined by a vernier caliper with precision of
0.02 mm, while the mass was weighed using an electronic
balance with precision of 0.01 g.
Uniaxial compression tests and splitting tests were conducted via a universal pressure testing machine (see
Figure 4(d)). Cylindrical samples for uniaxial compression
tests had diameters of 50 mm and heights of 50 mm [36, 41].
The maximum load and the accuracy of the testing machine
are 100 kN and 0.001 N, respectively. The whole test process is
in accordance with the Chinese speciﬁcation (GB/T 502662013). The loading rates were 0.8 MPa/s and 0.4 MPa/s for
uniaxial compression tests and splitting tests, respectively.
According to the method recommended by GB/T 502662013 [42], the elastic modulus can be estimated based on the
slope of the stress-strain curve obtained by uniaxial compression tests. Poisson’s ratio was measured via the resistance strain gauge method [43, 44]. In this method, the ratio
of transverse strain increment to longitudinal strain increment was measured, and thus Poisson’s ratio of each sample
could be calculated.

3.3. Experimental Methods

3.3.2. Water-Absorption Tests and Expansibility Tests.
The water absorption and saturated water absorption of the
rock and similar materials were measured by free waterabsorption tests [42, 45]. Five raw rock samples or similar
material samples were used for each test scheme. The main
testing procedures were as follows:

3.3.1. Physical and Mechanical Tests. The density, uniaxial
compressive strength, tensile strength, elastic modulus, and
Poisson’s ratio of the samples were measured using the
samples prepared according to the orthogonal design table
(Table 4).
The density of each sample was measured before mechanical tests. As shown in Figure 4(c), the volume of each

(1) The sample was put in the oven at a temperature of
105°C–110°C. After drying for 12–24 h, the sample
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Table 6: Ultrasonic wave velocities of similar material samples.

Scheme
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Sample 1 (km/s
2.98
2.91
2.96
2.94
2.92
3.15
2.99
2.86
3.10
2.97
3.05
3.08
3.00
2.97
3.00
2.97

Sample 2 (km/s)
2.99
2.90
2.94
2.95
2.95
3.14
2.97
2.84
3.12
2.94
3.07
3.09
2.99
2.99
3.01
2.98

Sample 3 (km/s)
3.00
2.98
3.02
2.97
3.01
3.25
3.01
2.90
3.08
2.91
2.99
3.03
2.97
2.98
3.06
2.98

was taken out and cooled down to the room temperature (20°C ± 2°C). The mass (md) of the sample is
then recorded (accuracy: 0.01 g).
(2) Determination of the natural water absorption: ﬁrst,
the dried sample was placed in a water container.
Then, water was ﬁlled to 1/4 of the height of the
sample. Two hours later, water was ﬁlled into the
container to reach a level between 1/2 and 3/4 of the
height of the sample. After 6 h, water was continuously added to a height of 20 mm above the top
surface of the sample. In this way, the air in the
sample could escape easily. After 48 h immersion in
water, the sample was taken out, and the surface
water was wiped oﬀ with a piece of wet gauze. The
sample mass (m1) was measured again. Thus, the
water absorption can be calculated by
m − md
wa � 1
× 100,
(1)
md
where wa is the water absorption of the sample.
(3) Determination of the saturated water absorption: the
dried sample was placed in a vacuum container, and
the water level inside the container was 20 mm higher
than the top surface of the sample. Then, a vacuum
pump was started to evacuate the container. The
vacuum pressure should reach and remain at 100 kPa
for not less than 4 h. Afterward, the specimen was
remained in the container for 4 h at the atmosphere
pressure. Then the specimen was taken out and dried
with a piece of wet gauze. Finally, the mass (m2) of the
sample was measured. The water absorption can be
calculated by the following expression:
m − md
wsat � 2
× 100,
(2)
md
where wsat is the saturated water absorption of the
sample.

Sample 4 (km/s)
2.99
3.06
3.05
2.96
3.05
3.18
3.01
2.96
3.00
2.91
2.99
3.05
3.00
2.99
3.09
2.98

Sample 5 (km/s)
2.99
3.01
3.10
2.96
3.02
3.21
3.04
2.90
3.13
2.90
3.01
3.00
2.99
2.99
3.01
2.95

Diﬀerence (km/s)
0.01
0.16
0.16
0.03
0.12
0.12
0.07
0.12
0.13
0.06
0.08
0.10
0.03
0.02
0.09
0.04

Free water-expansion tests were also conducted in order
to evaluate the water-expansion characteristic of similar
materials and the raw rock (JTG E41-2005). Five samples
were used for each test scheme in Table 5. The free expansion
rate of the material was deﬁned as
PH �

ΔH
× 100,
H

(3)

where PH is the axial free expansion rate; ΔH is the axial
deformation of the sample; H is the initial axial height of the
sample.

3.3.3. SEM Observations. Scanning electron microscopy
(SEM) observations were performed to examine the microstructure of similar materials and further conﬁrm the
similarity in water-absorption and water-expansion properties, since they are highly dependent on pore structures.
SEM observations were conducted on the horizontal and
vertical planes on the small specimens extracted from the
cylindrical samples for secondary reﬁnement tests (Table 5).
Two cuboids with dimensions of 20 mm × 10 mm × 10 mm
were extracted from the core of each sample [37, 46]. The
longitudinal directions of the cuboids were parallel or
perpendicular to the axial direction of the cylindrical sample.
This method for small-sample extractions is similar to that
presented in the work of Gao et al. [46, 47]. Before SEM
observations, the observation planes of the sample were
coated with thin layers of gold under vacuum. The purpose
was to make the plane electrically conductive in order to
prevent any charge build-up on the sample. Thereafter, the
sample was placed in the chamber of a scanning electron
microscope (ZEISS EVO MA10) for observation. A series of
SEM images with diﬀerent magniﬁcations were saved from
typical areas in the observation plane of each sample. Finally,
the surface morphology (e.g., pore sizes and porosity) of the
sample was analyzed following the method described in the
work of Gao et al. [48].

8

4. Results and Discussion
4.1. Mixing Ratios for Similarity in Physical and Mechanical
Properties. In this section, the inﬂuences of various factors
(i.e., A, water content; B, barite powder ratio; C, gypsum
mass; and D, clay mineral ratio) on the physical and
mechanical properties (i.e., the density, uniaxial compressive strength, tensile strength, elastic modulus, and
Poisson’s ratio) of similar materials are examined. Then,
the optimal mixing ratios for similar materials to have
similar physical and mechanical behaviors to those of the
raw silty mudstone are determined. In addition, typical
stress-strain curves and failure modes of similar materials
and the raw rock after uniaxial compression tests are
compared and discussed.
4.1.1. Results of Physical and Mechanical Tests. Table 7
summarizes the mean results of parallel samples in
each test scheme arranged according to the orthogonal
design. It shows that the density of the prepared similar
materials varies from 1.82 to 2.08 g/cm3, the range of
uniaxial compressive strength is between 8.28 and
18.19 MPa, and the tensile strength falls between 1.01 and
4.00 MPa. It is also observed that the elastic modulus
changes from 1.01 to 2.38 GPa, and Poisson’s ratio ranges
from 0.20 to 0.40. Comparing the results in Table 7 with
those in Table 3, one can note that the properties (target
values) of silty mudstone are covered by the data of similar
materials. This conﬁrms that the physical and mechanical
behaviors of silty mudstone can be simulated with similar
materials.
4.1.2. Sensitivity Analysis. Range analysis and variance
analysis are conducted to investigate the sensitivity of
physical and mechanical properties to various factors.
(1) Sensitivity analysis of factors aﬀecting rock density:
As can be seen from Table 8 and Figure 5, factor A (water
content) and factor C (gypsum mass) have the greatest
inﬂuence on the density of similar materials. According to
the rank, the inﬂuence degree of each factor on the density
of similar materials is A ≈ C > B ≈ D. Thus, the main controlling factors that inﬂuence the density of similar materials are factor A (water content) and factor C (gypsum
mass).
The results of variance analysis of the density are shown
in Table 8. Under the condition of a conﬁdence level of 0.1,
the critical value of signiﬁcance is 5.390. It is observed that
factors A (water content) and C (gypsum mass) had signiﬁcant inﬂuences on the density of similar materials, while
factors B (barite powder ratio) and D (clay mineral ratio)
showed fewer inﬂuences. This is consistent with the result of
range analysis (Table 9).
As shown in Table 3, the average density of the raw rock
is 2.01 g/cm3. This target value is between the results of
similar materials when the evaluation index is K2 and K3
regarding factor A, and it equals the result when the evaluation index is K2 regarding factor C (Table 8). Thus, the
suitable factor A (water content) is 19% (level 2) and 21%
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(level 3), and the optimal factor C (gypsum mass) is 250 g
(level 2) in order to bring such a target physical property to
similar materials.
(2) Sensitivity analysis of factors aﬀecting uniaxial compressive strength: Table 10 and Figure 6 show that factor C
(gypsum mass) has the highest inﬂuence and factor D (clay
mineral ratio) has the second highest inﬂuence on the uniaxial
compressive strength of similar materials. According to the
rank, the inﬂuence degree of each factor on the uniaxial
compressive strength of similar materials is C ≈ D > A ≈ B. The
analysis indicates that factors C (gypsum mass) and D (clay
mineral ratio) play a leading role in controlling the uniaxial
compressive strength of similar material samples.
Table 11 shows the results of variance analysis of the
uniaxial compressive strength of similar materials. One can
note that, as far as uniaxial compressive strength is concerned, the inﬂuences of those examined factors on uniaxial
compressive strength are all not so signiﬁcant.
(3) Sensitivity analysis of factors aﬀecting tensile
strength: Table 12 and Figure 7 present the results of range
analysis of the tensile strength of similar materials. It is noted
that factor A (water content) has the greatest inﬂuence on
the tensile strength of similar materials. According to the
inﬂuence degree of each factor on the tensile strength, the
factors are ranked as A > B > D > C. The analysis shows that
factor A (water content) and factor B (barite powder ratio)
play a dominant role in controlling the tensile strength of
similar material samples.
Table 13 lists the results of variance analysis of the tensile
strength of similar materials. One can note that factor A
(water content) and factor B (barite powder ratio) have
signiﬁcant inﬂuence on the tensile strength, while the other
factors show limited inﬂuences. This is also in agreement
with the result of range analysis (Table 12).
(4) Sensitivity analysis of factors aﬀecting elastic
modulus. It is observed from Table 14 and Figure 8 that
factor A (water content) has the most signiﬁcant inﬂuence
on the elastic modulus of similar materials. According to
the rank, the inﬂuence degree of each factor on the elastic
modulus of similar material samples is A > D ≈ B > C. The
analysis shows that factor A (water content) plays a
dominant role in controlling the elastic modulus of
similar material samples. The relationship between other
factors and the elastic modulus of the sample is not very
obvious.
Furthermore, according to the results of variance
analysis (Table 15), it is noted that factor A (water content)
has a signiﬁcant inﬂuence on the tensile strength, while other
factors do not show signiﬁcant inﬂuences, which conﬁrms
the results of range analysis.
As shown in Table 3, the average elastic modulus of the
raw rock is 1.38 GPa. Combined with Table 15 and Table 4,
one can conclude that the optimal water content is 19% in
order to prepare a similar material that has similar elastic
modulus as the raw silty mudstone.
(5) Sensitivity analysis of factors aﬀecting Poisson’s ratio:
Based on the results shown in Table 16 and Figure 9, one can
rank the examined factors as A ≈ D ≈ B ≈ C according to the
degree of their inﬂuences on Poisson’s ratio of similar
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Table 7: Physical and mechanical properties of similar materials.

Density ρ(g/cm3)

Scheme
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

1.95
1.91
1.84
1.82
2.05
2.08
1.97
1.89
2.08
1.92
2.05
2.05
2.01
1.99
2.02
2.08

Uniaxial compressive strength σ c
(MPa)
13.54
11.91
10.74
11.65
10.22
18.19
9.01
12.74
8.28
9.24
14.18
12.24
13.69
13.09
13.58
10.47

Tensile strength σ t
(MPa)
2.94
3.33
2.72
4.00
1.99
2.08
1.47
2.89
1.01
1.70
1.61
2.84
3.73
3.92
3.05
3.81

Elastic modulus E (GPa)

Poisson’s ratio ]

1.74
1.61
1.40
1.35
1.64
2.38
1.60
1.81
1.07
1.38
1.33
1.29
1.96
1.34
1.33
1.01

0.28
0.23
0.27
0.25
0.40
0.20
0.27
0.38
0.21
0.22
0.23
0.21
0.38
0.31
0.22
0.21

Table 8: Range analysis of rock density.
Evaluation indexes
K1
K2
K3
K4
Range value R
Rank

Density (g/cm3)
Factor A (water content) Factor B (barite powder ratio) Factor C (gypsum mass) Factor D (clay mineral ratio)
1.88
2.02
2.04
1.99
2.00
1.98
2.01
1.97
2.03
1.97
1.95
1.97
2.03
1.96
1.93
2.00
0.15
0.06
0.11
0.04
1
3
2
4

Note. Ki (i � 1, 2, 3, 4) represents the mean of the density values corresponding to level i of a factor; R � max(Ki) − min(Ki) (i � 1, 2, 3, and 4).

Based on the above sensitivity analyses, the optimal
mixing ratios of similar materials that show good similarity
to those of the raw silty mudstone in terms of the physical
and mechanical properties are determined. The optimal
water content is 19%, the optimal barite powder ratio is 32%,
and the optimal gypsum mass is 250 g. However, factor D
(clay mineral ratio) is still not determined because it has no
clear contribution to the above physical and mechanical
properties of similar materials.

2.06

Density (g/cm3)

2.03
2.00
1.97
1.94
1.91
1.88

1

2

3

4

Experimental level
Factor A
(water content)

Factor C
(gypsum mass)

Factor B
(barite powder ratio)

Factor D
(clay mineral ratio)

Figure 5: Range analysis of the factors aﬀecting density.

material samples. Therefore, Poisson’s ratio is hard to judge
by factors A–D.
The results of variance analysis shown in Table 17 indicate that, regarding Poisson’s ratio, the inﬂuences of all
factors are not signiﬁcant. This is consistent with the results
of range analysis.

4.1.3. Typical Stress-Strain Curves and Failure
Characteristics. Figure 10(a) presents typical stress-strain
curves of similar materials and silty mudstone obtained from
uniaxial compression tests. Figure 10(b) illustrates the
corresponding failure modes of the samples.
A comparative analysis of the failure modes of similar
material samples and the raw rock is conducted. The silty
mudstone sample shows an obvious shear failure after
uniaxial compression tests, which is in line with the results
reported [49]. It is also noted that the shear failure modes of
similar material samples are quite similar to those of the raw
rock under uniaxial compression tests (Figure 10).
4.2. Mixing Ratios for Similarity in Water Absorption and
Expansion. In this section, the inﬂuence of factor D (clay
mineral ratio) on the water-absorption and water-expansion

10
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Table 9: Variance analysis of density.

Factor
Variance value S2
Degrees of freedom F
Univariate signiﬁcance

A (water content)
0.057
3
19.000
Signiﬁcant

B (barite powder ratio)
0.009
3
3.000
Insigniﬁcant

C (gypsum mass)
0.031
3
10.333
Signiﬁcant

D (clay mineral ratio)
0.003
3
1.000
Insigniﬁcant

Error
0
3

Note. S2 represents the mean of the density variance value corresponding to level i of a factor; S2 � 4i�1 (Ki − (1/4) 4i�1 Ki )2 /5.

Table 10: Range analysis of uniaxial compressive strength.
Evaluation indexes
K1
K2
K3
K4
Range value R
Rank

Uniaxial compressive strength (MPa)
Factor A (water content) Factor B (barite powder ratio) Factor C (gypsum mass) Factor D (clay mineral ratio)
11.96
11.43.
14.10
11.97
12.54
13.11
11.99
13.13
10.99
11.88
11.21
10.17
14.71
11.78
10.90
13.13
1.72
1.68
3.20
2.96
3
4
1
2

Uniaxial compressive strength (MPa)

15

14

13

12

11

10

1

2

3

4

Experimental level
Factor A
(water content)

Factor C
(gypsum mass)

Factor B
(barite powder ratio)

Factor D
(clay mineral ratio)

Figure 6: Range analysis of the factors aﬀecting uniaxial compressive strength.

Table 11: Variance analysis of uniaxial compressive strength.
Factor
Variance value S2
Degrees of freedom F
Univariate signiﬁcance

A (water content)
7.259
3
0.033
Insigniﬁcant

B (barite powder ratio)
6.420
3
0.029
Insigniﬁcant

characteristics of similar materials is analyzed. Most importantly, the optimal level of factor D (clay mineral ratio) is
determined.
As shown in Figure 11, the average natural water absorption of the raw silty mudstone is 10.85%, and the
average saturated water absorption is 11.83%. According to
the secondary reﬁnement test scheme, the average natural

C (gypsum mass)
24.862
3
0.112
Insigniﬁcant

D (clay mineral ratio)
21.929
3
0.099
Insigniﬁcant

Error
222.47
3

water absorption rates of similar material samples in
schemes S1–S4 with diﬀerent clay mineral ratios are 8.41%,
9.82%, 10.86%, and 11.52%, respectively. The average
saturated water absorption is 9.89%, 10.85%, 11.84%, and
12.33%, respectively. Moreover, the average natural water
absorption and saturated water absorption of similar
material samples increase with the increase of clay mineral
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Table 12: Range analysis of tensile strength.

Evaluation indexes

Factor A (water content)
3.25
2.11
1.79
3.63
1.84
1

K1
K2
K3
K4
Range value R
Rank

Tensile strength (MPa)
Factor B (barite powder
Factor C (gypsum
ratio)
mass)
2.42
2.61
2.76
2.81
2.21
2.64
3.39
2.73
1.17
0.19
2
4

Factor D (clay mineral
ratio)
2.79
2.89
2.56
2.54
0.36
3

4.00

Tensile strength (MPa)

3.50

3.00

2.50

2.00

1.50

1

2

3

4

Experimental level
Factor A
(water content)
Factor B
t(barite powder ratio)

Factor C
(gypsum mass)
Factor D
(clay mineral ratio)

Figure 7: Range analysis of the factors aﬀecting tensile strength.
Table 13: Variance analysis of tensile strength.
Factor
Variance value S2
Degrees of freedom F
Univariate signiﬁcance

A (water content)
9.356
3
100.602
Signiﬁcant

B (barite powder ratio)
3.159
3
33.968
Signiﬁcant

C (gypsum mass)
0.093
3
1.000
Insigniﬁcant

D (clay mineral ratio)
0.371
3
3.989
Insigniﬁcant

Error
0.090
3

Table 14: Range analysis of elastic modulus.
Evaluation indexes
K1
K2
K3
K4
Range value R
Rank

Elastic modulus (GPa)
Factor A (water content) Factor B (barite powder ratio) Factor C (gypsum mass) Factor D (clay mineral ratio)
1.53
1.60
1.62
1.49
1.86
1.68
1.48
1.68
1.27
1.42
1.41
1.36
1.41
1.37
1.57
1.53
0.59
0.31
0.21
0.32
1
3
4
2

ratio. Therefore, the change of clay mineral ratio enables
controlling the water absorption of similar materials. Based
on the test data, one can note that the average water absorption of the similar material samples in the third test
scheme S3 is the closest to the average value of the raw rock
(the error is less than 1%).

Figure 12 shows that the variation curve of free expansion rates of similar material samples and silty mudstone
can be divided into three stages. The ﬁrst is the rapid expansion stage (t < 2 h), during which the average axial expansion rates of similar material samples with diﬀerent clay
mineral ratios and raw rocks increase rapidly to the ﬁnal
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1.8
1.7
1.6
1.5
1.4
1.3
1.2

1

2

3

4

Experimental level
Factor A
(water content)

Factor C
(gypsum mass)

Factor B
(barite powder ratio)

Factor D
(clay mineral ratio)

Figure 8: Range analysis of the factors aﬀecting elastic modulus.
Table 15: Variance analysis of elastic modulus.
Factor
S2
Degrees of freedom F
Univariate signiﬁcance

A (water content)
0.759
3
6.838
Signiﬁcant

B (barite powder ratio)
0.266
3
2.396
Insigniﬁcant

C (gypsum mass)
0.111
3
1.000
Insigniﬁcant

D (clay mineral ratio)
0.208
3
1.874
Insigniﬁcant

Error
0.110
3

Table 16: Range analysis of Poisson’s ratio.

K1
K2
K3
K4
Range value R
Rank

Poisson’s ratio
Factor A (water content) Factor B (barite powder ratio) Factor C (gypsum mass) Factor D (clay mineral ratio)
0.26
0.32
0.23
0.27
0.31
0.24
0.27
0.31
0.22
0.25
0.29
0.28
0.28
0.26
0.28
0.22
0.10
0.08
0.06
0.09
1
3
4
2
0.33
0.31

Poisson's ratio

Evaluation indexes

0.29
0.27
0.25
0.23
0.21

1

2

3

4

Experimental level
Factor A
(water content)

Factor C
(gypsum mass)

Factor B
(barite powder ratio)

Factor D
(clay mineral ratio)

Figure 9: Range analysis of the factors aﬀecting Poisson’s ratio.
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Table 17: Variance analysis of Poisson’s ratio.

Factor
Variance value S2
Degrees of freedom F
Univariate signiﬁcance

A (water content)
0.019
3
2.111
Insigniﬁcant

B (barite powder ratio)
0.015
3
1.667
Insigniﬁcant

C (gypsum mass)
0.009
3
1.000
Insigniﬁcant

D (clay mineral ratio)
0.015
3
1.667
Insigniﬁcant

Error
0.010
3
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Figure 10: Typical stress-strain curve and failure modes diagram: (a) stress-strain curves; (b) failure modes.

average axial expansion rates of 0.1154%, 0.1238%, 0.1342%,
0.1966%, and 0.1369%, respectively. Later, the expansion
rates of all samples enter the constant expansion stage
(t � 2–15 h). In this stage, the similar material samples S1∼S4
and the raw rock show a constant linear growth rate of
11.54 × 10− 5/min,
12.38 × 10− 5/min,
13.42 × 10− 5/min,
−5
−5
19.66 × 10 /min, and 13.86 × 10 /min, respectively. Afterward, the expansion rate of all samples enters the deceleration stage (t � 15–120 h), and the expansion rate is
gradually stabilized. This period takes a long time, accounting for 87.5% of the total expansion stage. It can be
seen that similar materials have similar water absorption and

expansibility with the raw rock. The expansion rates of
samples S1–S4 are all within the range of the raw rock, and
the expansion rates gradually increase with the increase of
clay mineral ratio. Among them, the curves of the axial
expansion rates of sample S3 (whose clay mineral ratio is
12%) are the closest to the average value of the raw rock.
Table 18 summarizes the mean physical parameters of
the similar material samples prepared at optimal water
content (19%), barite powder ratio (32%), and gypsum mass
(250 g) but diﬀerent clay mineral ratios (0–18%). The data of
raw rock samples are also included for comparison purposes.
One can note that the similar material samples in test
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Figure 11: Water absorption and saturated water absorption.
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Figure 12: Axial expansion rate curve of silty mudstone and similar materials.

Table 18: Basic physical parameters of similar material samples and raw rock samples.
Scheme
S1
S2
S3
S4
Raw rock

Mass (g)
198.28
198.32
198.48
199.02
198.72

Diameter (cm)
5.002
4.998
5.006
5.004
5.002

Hight (cm)
5.012
5.002
5.008
5.026
5.028

scheme S3 show the most similar density and porosity as the
raw rock samples. This result further conﬁrms the optimal
values of water content, barite powder ratio, gypsum mass,
and clay mineral ratio.
Based on the above analysis, the optimal ratios of similar
materials are determined, which allows producing a similar
material that has similar physical and mechanical properties
as well as water-absorption and water-expansion characteristics to the mean properties of silty mudstone in the
Yuelu Mountain (Changsha, China). These optimal ratios

Volume (cm3)
98.44
98.48
98.52
98.79
98.75

Dry density (g/cm3)
1.68
1.69
1.74
1.80
1.73

Porosity (%)
43.26
40.38
38.54
36.80
38.71

can provide referencing guidance for the design of similar
materials for silty mudstone in other regions.
4.3. Microstructure of Similar Materials. SEM observations
were performed on small specimens extracted from cylindrical similar material samples and raw rock samples. Figure 13 shows the SEM images of horizontal and vertical
planes of similar material specimens (S1–S4) and a raw rock
specimen. In SEM images, the white arrow represents barite
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Figure 13: SEM images of raw rock and similar material specimens: (a,b) S1 specimen (0%); (c, d) S2 specimen (6%); (e, f ) S3 specimen
(12%); (g, h) S4 specimen (18%); (i, j) raw rock specimen.
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Figure 14: Relationship between pore area ratio and pore diameter: (a) in the horizontal plane and (b) in the vertical plane.

particles, and the black arrow represents clay mineral particles. It can be observed that when the clay mineral ratio is
0% (Figures 13(a) and 13(b)), the surface of barite particles is
not fully wrapped by gypsum, and there are a lot of pores
around. Due to compaction, barite particles and gypsum
particles are mainly arranged face to face in the horizontal
plane. Barite particles and gypsum particles mainly appear in
the form of particle edge in the vertical plane, forming a large
number of pores. With the increase of the clay mineral ratio,
the SEM images are shown in Figures 13(c)–13(f ). The pores
between gypsum and barite particles are continuously ﬁlled
with clay mineral particles, and the pores are fully ﬁlled in
the horizontal plane; in particular, when the clay mineral
ratio is 18% (Figures 13(g) and 13(h)), there are almost no
large pores in the horizontal plane and vertical plane. From
the SEM image taken from the horizontal plane of the raw
rock in Figure 13(i), it can be observed that the surface of the
rock particles is ﬂat and smooth due to sedimentation, but it
still contains small primary pores. From the SEM image of
the vertical plane of the raw rock sample (Figure 13(j)), it can
be observed that the raw rock is formed by cementation of
the raw rock particles, resulting in large pores around the
particles.
It is noted that, for similar material specimens with
diﬀerent clay mineral ratios, the horizontal plane is very
dense compared to the vertical plane, but the horizontal
plane has many small primary pores in the vertical plane.
This is mainly due to the pressure on the horizontal plane in
the process of protolith diagenesis and sample making of
similar materials, resulting in the face-to-face arrangement
of particles. In the similar material specimens, with the
increase of clay mineral ratio, the angular barite particles are
gradually wrapped by gypsum, clay minerals, and hydration
products, and the structure becomes more and more

compact, and the pores decrease gradually. Finally, a dense
structure without obvious pores is formed. The speciﬁc
changes have been marked with ellipse in the ﬁgure. The
main reasons for the above phenomena are the following:
Gypsum and clay minerals gradually react with water,
needle-like and rod-shaped gypsum crystals gradually disappear in the process of hydration reaction, the pores between particles are constantly ﬁlled, and the barite particles
that do not participate in the hydration reaction are constantly wrapped; ﬁnally, with the hydration reaction, most of
the gypsum is hydration products. The gel package has no
edges and corners, forming a dense whole and a certain
degree of strength. At the same time, hydration products are
cemented and ﬁlled with intergranular voids, and pores are
constantly reduced, forming a denser structure that plays a
strong supporting role. In a word, with the increase of clay
mineral ratio, the pores in the horizontal and vertical planes
of similar material specimens are less and less, and the
structure is more compact. When the clay mineral ratio is
12% (scheme S3), the dense structure is generated because of
the hydration of gypsum and the ﬁlling of clay minerals;
meanwhile, there are some pores on this basis, similar to
pore morphology of the raw rock. When the clay mineral
ratio is 18% (scheme S4), there are almost no pores and the
structural morphology is very close in the horizontal plane
and vertical plane of the similar material specimen. A
quantitative analysis of the pore structures of all specimens is
made based on the image processing method described in
[47]; and the results are presented in Figure 14. It can be seen
that most of pores in both the horizontal and vertical planes
of all specimens have diameters between 0.01 and 100 μm.
When the clay mineral ratio is 12%, the pore size distribution
of the similar material specimen in scheme S3 is very close to
that of the raw rock specimen.

Advances in Civil Engineering

5. Conclusion
Based on the physical and mechanical properties of silty
mudstone, the similar materials of silty mudstone with water
absorption and expansibility were developed based on traditional materials including gypsum, barite powder, clay
minerals (i.e., montmorillonite, illite, and chlorite), and
distilled water. Speciﬁc conclusions are as follows:
(1) The water content plays an important role in controlling the density, tensile strength, and elastic
modulus of the similar material samples. The eﬀect of
barite powder ratio on the uniaxial compressive
strength was signiﬁcant. Gypsum mass also has a
signiﬁcant eﬀect on the density of similar materials.
(2) For similar materials with the proposed mixing ratios, the density is 1.82–2.08 g/cm3, the uniaxial
compressive strength is 8.28–18.19 MPa, the tensile
strength is 1.01–4.00 MPa, the elastic modulus is
1.01–2.38 GPa, and Poisson’s ratio is 0.20–0.40.
Similar materials produced at a water content of
19%, a barite powder ratio of 32%, and a gypsum
mass of 250 g show the best similarity to the raw rock
in terms of physical and mechanical properties.
(3) The optimal mixing ratios were ﬁnally identiﬁed
based on the results of the secondary reﬁnement
tests. Except for the optimal water content of 19%,
optimal barite powder ratio of 32%, and optimal
gypsum mass of 250 g, the optimal clay mineral ratio
is 12%. These optimal ratios can provide referencing
guidance for the design of similar materials for silty
mudstone in other regions.
(4) The raw rock surface is very dense, but there are
many small primary pores. With the increase of clay
mineral ratio, the absorption of similar materials
increases continuously. The pores in similar material
samples with a clay mineral ratio of 12% are ﬁlled by
gypsum hydration products and clay minerals; thus,
these similar material samples have similar water
absorption and water expansion to those of the raw
rock.
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